Revealing the genetic basis of traits that cause reproductive isolation, particularly premating or sexual isolation, usually involves the same challenges as most attempts at genotype-phenotype mapping and so requires knowledge of how these traits are expressed in different individuals, populations, and environments, particularly under natural conditions. Genetic dissection of speciation phenotypes thus requires understanding of the internal and external contexts in which underlying genetic elements are expressed. Gene expression is a product of complex interacting factors internal and external to the organism including developmental programs, the genetic background including nuclear-cytotype interactions, epistatic relationships, interactions among individuals or social effects, stochasticity, and prevailing variation in ecological conditions. Understanding of genomic divergence associated with reproductive isolation will be facilitated by functional expression analysis of annotated genomes in organisms with well-studied evolutionary histories, phylogenetic affinities, and known patterns of ecological variation throughout their life cycles. I review progress and prospects for understanding the pervasive role of host plant use on genetic and phenotypic expression of reproductive isolating mechanisms in cactophilic Drosophila mojavensis and suggest how this system can be used as a model for revealing the genetic basis for species formation in organisms where speciation phenotypes are under the joint influences of genetic and environmental factors.
Deciphering genetic architectures of phenotypic traits associated with reproductive divergence and speciation often requires a quantitative genetic approach to estimate variance components, gene numbers, effect size, and the extent of genotype by environment (G × E) interactions if these traits are polygenic and sensitive to local environmental conditions. Study of genes with large qualitative phenotypic effects, for example, the genetic basis of shell color and banding patterns in species of Cepea snails, melanic morphs of Biston betularia and other species (Majerus 1998; Cook et al. 2012) , wing color and banding patterns in Heliconius butterflies (Turner 1977; Naisbit et al. 2003; Mallet and Dasmahapatra 2012) , and mammalian pelage color differences (Dice and Blossom 1937; Blair 1947; Kaufman 1974; Nachman et al. 2003; Linnen et al. 2013 ) have remained at the heart of ecological genetics for over 80 years largely because one or a few gene loci are involved for each trait, phenotype expression showed relatively little environmental influence, and the selective forces maintaining polymorphism were largely identifiable (Ford 1975) . Some genetic analyses of speciation have often focused on one or a few gene regions without regard to the influences of relevant ecological variation or controlled environmental differences in the laboratory on reproductive isolation. For some "speciation genes," such as those underlying species differences involved with premating (Doi et al. 2001 ) and postmating isolation Ting et al. 2004) , genetic analysis has been devoid of assessing environmental influences on these phenotypes. Fortunately, the role of ecology in driving reproductive isolation has become better integrated into the analysis of genetic architectures of diverging populations and species (e.g., Bradshaw et al. 1995; Hawthorne and Via 2001; Feder et al. 2005; Egan and Funk 2009; Feder and Nosil 2009; Gompert et al. 2014) .
Most traits associated with reproductive isolation, whether premating, postmating-prezygotic, or postzygotic, are genetically complex traits and the identifying genes underlying them has remained elusive except in a small number of cases (Coyne and Orr 2004) . Further, many kinds of phenotypes that mediate reproductive isolation are influenced by the environments in which they are expressed, for example, insect and amphibian courtship songs (Gerhardt and Huber 2002; Rodríguez et al. 2008) , pheromones (Howard and Blomquist 1982; Toolson 1982; Etges 1992; Greenfield 2002; Etges et al. 2009 ), species-specific visual cues (Seehausen et al. 1997; Taylor et al. 2006) , host-dependent premating isolation Feder and Nosil 2009) , and postmating isolation (Funk et al. 2002; Egan and Funk 2009; Singer and McBride 2010) , suggesting that environmentally mediated patterns of trait expression need to be studied when evaluating the nature of reproductive divergence and its causes. Thus, in order to understand the evolution of reproductive divergence and how it is expressed, phenotypic analysis requires estimates of genetic, environmental, and G × E interaction effects on traits thought to drive reproductive isolation and speciation, as well as how ambient ecological conditions influence patterns of gene expression.
The "top-down" approach to genetic analysis (Via 2009 ) assumes that genetic influences can effectively be separated from those of the environment, yet a central tenet of quantitative genetics is that gene expression is a consequence of the internal and external environments in which they are expressed. Lewontin (2000) emphasized this relationship by asserting there is no necessary demarcation between organisms and their environments, and that organisms can define their environments as environments can define organisms. Thus, understanding the consequences of how and why reproductive isolation evolves beyond characterizing the genetic basis of traits causing isolation (Shaw and Mullen 2011) assumes an environmental context. The causal connections and feedbacks between genes, organisms, and their environments may not be easily disentangled, and noncontextual focus on any one level, particularly DNA sequence variation, may not resolve sources of causation (Lewontin 1991) . Thus, any attempt to localize the "genes" or candidate nucleotide substitutions (single nucleotide polymorphisms [SNPs] or quantitative trait nucleotides [QTNs]) contributing to speciation phenotypes is dependent on the environment(s) in which the phenotype is assessed (Burga and Lehner 2012; Nuzhdin et al. 2012) . Consequences of this approach are, for example, discordance between quantitative trait loci (QTL) localization and known candidate genes (Gleason et al. 2009 ) and differences in QTL localization when analyses are performed in multiple environments (Leips and Mackay 2000) , as well as G × E interactions for QTL and QTNs (Gurganus et al. 1998; Mackay and Anholt 2007; Etges et al. 2009; Stranger et al. 2011; Kang et al. 2014) . Here, identifying impacts on transcriptional variation, as well as understanding G × E interactions in gene expression for speciation phenotypes can more efficiently help to identify sources of genetic variation expressed in different environments (Grishkevich and Yanai 2013) . This type of functional genetic analysis can complement genetic and genomic mapping attempts and can be extended with proteome studies to complete genotypephenotype mapping.
Genotype-phenotype maps are contextual due not only to external environments but also the internal environment, including other genes. Genetic background effects may reduce the generality of QTL identification and fine mapping, namely, "Instead, the phenotype is a function of the allele, the genetic background in which it occurs and the environment where the mutational effects are expressed." (Chari and Dworkin 2013) Thus, population and species-specific differences in genetic analyses of reproductive isolation traits are expected due to genetic background effects, that is, epistasis (Galvan et al. 2010; Mackay 2014) , nuclear-mtDNA interactions (Pritchard et al. 2011; Burton and Barreto 2012) , maternal effects, and stochastic variation (Burga and Lehner 2012) rendering general conclusions about the effects of single genes or SNPs on phenotypic trait variation difficult unless great care is taken to assess both population and environmental influences on expression of reproductive isolating traits. Analysis of gene expression differences mediated by ecological variation can also be teased apart by mapping regulatory regions or expression QTLs, but this can be complicated by tissue-specific patterns of gene expression (Michaelson et al. 2009 ). Further, as natural selection operates on such standing variation, convergent evolution may result making genotype-phenotype mapping difficult even for suspected candidate genes (Nachman et al. 2003; Rosenblum et al. 2004) . Results of quantitative genetic analysis are, as always, dependent on the environment(s) in which they are measured.
Much current interest in ecological speciation rests on inferences that causal mechanisms that drive reproductive isolation in ecologically diverging populations can result in relatively rapid divergence in sympatry and/or allopatry (Nosil 2012 ). In the latter and more common case, allopatry with reduced gene flow should allow for rapid divergence depending on the strength of local adaptation. In an intensively studied species group, flies in the genus Drosophila, allopatric divergence is thought to be the rule as few cases of sympatric speciation have been identified (Turelli et al. 2014; Yukilevich 2014) . Here, I review progress and prospects in understanding the genetics of premating isolating mechanisms in Drosophila mojavensis, a cactophilic member of the genus in which ecological influences of its host plants have been shown to cause differences in premating isolation between populations, QTL G × E interactions in traits responsible for courtship success, and patterns of gene expression across the genome. Whole-genome microarray experiments and transcriptome sequencing have revealed host plant effects on expression of nervous system and courtship behavior genes suggesting direct links between genome expression and ecologically determined reproductive isolation. Together with ongoing studies of genomic divergence, such functional genomic data in an organism with a sequenced and partially annotated genome should help resolve the interactions between genomes, the organism, and ecologically relevant variation in the evolution of reproductive divergence and adaptation to different environments.
Ecology of Divergence and Reproductive Isolation in a Desert Drosophilid
A member of the large D. repleta group, D. mojavensis is endemic to the Sonoran Desert and adjacent arid lands in northwestern Mexico and southern Arizona, as well as the Mojave Desert in southern California (Heed 1978; Heed 1982; Etges et al. 1999) . In Baja California, the islands in the Gulf of California, and a small patch in coastal Sonora, D. mojavensis uses pitaya agria cactus, Stenocereus gummosus, almost exclusively. The remaining mainland populations in Sonora, Sinaloa, and southern Arizona use organ pipe cactus, S. thurberi, with occasional use of cina cactus, S. alamosensis, with which it sometimes shares with its sibling species, D. arizonae (Fellows and Heed 1972; Markow et al. 1983; Ruiz and Heed 1988 (Barbour et al. 2007; Beckenbach et al. 2008) .
The phylogeography of North American D. repleta group species was shaped in part by the northwestward movement of present-day Baja California on the Pacific tectonic plate (Gastil et al. 1975 ) and the relatively recent formation of the Sonoran Desert ca 13 kya (Axelrod 1979; Van Devender 1990) . Along with changing sea levels forming the Gulf of California, an effective isolating barrier between peninsular and mainland species, D. mojavensis diverged from its closest mainland ancestor, D. arizonae, ca 1-2 mya based on Adh and mtCOI sequence divergence (Mills et al. 1986; Matzkin and Eanes 2003; Reed et al. 2007 ) and was isolated in Baja California. Recent whole-genome comparisons of these 2 species suggest divergence was <1 mya (Lohse et al., unpublished data) . This evolutionary history was first revealed from studies of chromosomal inversions in D. mojavensis and its closest relatives (Wasserman 1962; Ruiz et al. 1990; Wasserman 1992 ) and the geographical patterns of inversion polymorphisms throughout the range of D. mojavensis (Heed 1981; Etges et al. 1999) . Ancestral populations of D. mojavensis in Baja California colonized the islands in the gulf and mainland Sonora ca 270 kya based on coalescent analyses of X chromosome intron sequence variation. In southern California, Mojave Desert populations of D. mojavensis subsequently diverged from mainland populations ca 117 kya and experienced a genetic bottleneck that reduced sequence variation 10-fold (Smith et al. 2012) . The Santa Catalina Island population represents a fourth lineage that presumably arose from mainland California populations due to geographical proximity, but its closest mainland relative remains unknown (Counterman and Noor 2006; Ross and Markow 2006) . Thus, intraspecific divergence in D. mojavensis has been facilitated by host plant shifts within the last ca 250 kya and has resulted in host plant adaptation and partial reproductive isolation between Baja California and mainland Mexico and Arizona populations (Etges 1990 (Etges , 1998 Etges et al. 2007 Etges et al. , 2009 Etges et al. , 2010 .
Life-History Variation
Colonization of mainland Mexico by switching to organ pipe cactus from agria has caused significant genetic shifts in life history and other physiological traits in D. mojavensis (Table 1; Etges 1990 ) and has resulted in premating isolation between Baja California and mainland Mexico and Arizona populations (Zouros and d'Entremont 1974; Wasserman and Koepfer 1977; Zouros and d'Entremont 1980; Markow 1991) . Tying adaptive shifts in life history to the evolution of reproductive isolation suggested a role for ecological speciation in this system mediated by a host plant shift. In common garden experiments and population crosses reared on both host cacti, Baja California populations exhibit genetically shorter egg to adult development times, higher viabilities, and smaller adult body sizes than mainland Mexico and Arizona populations (Etges 1990; Etges et al. 2010) . For development time, there were significant population × cactus and region × Up and down arrows show direction of differences, all statistically significant. For experiments based on cactus-cultured populations, presence of significant region × host plant interactions is also shown.
cactus interactions, and for egg to adult viability, a significant region × cactus interaction revealed host plant adaptation where Baja California populations expressed higher viability on agria versus organ pipe cactus while mainland populations expressed higher viability on organ pipe cactus, host plants these populations use in nature (Table 1) . In many replicate population crosses, F1, F2, and backcross generations showed higher egg to adult viability than parental populations particularly when reared on agria cactus revealing hostspecific heterosis for fitness. Host plant, additive, dominance, and cytoplasmic effects were detected for development time, as well as a significant X chromosome effect associated with the typically shorter development times of Baja California populations. Higher egg to adult viability in Baja flies showed a significant X chromosome effect, but this was not observed in both sets of populations crosses suggesting geographic variation in X-linked genes that increase fitness relative to mainland populations ).
Reproductive Isolation
Premating and postmating-prezygotic isolation (Knowles and Markow 2001) between Baja California and mainland Mexico and Arizona populations have long suggested that allopatric populations of D. mojavensis are currently in the initial stages of reproductive isolation making them an ideal system with which to explore the early stages of divergence where no postmating isolation has arisen (Ruiz et al. 1990) . A causal relationship between host plant adaptation and reproductive isolation predicted from the hypothesis of ecological speciation suggested a testable alternative to earlier inferences about premating isolation between the Baja mainland populations of D. mojavensis. Previous studies suggested the cause was due to reproductive character displacement because of the presence of D. arizonae on the mainland, but not in Baja California, causing shifts in mate choice of mainland D. mojavensis (Mettler and Nagle 1966; Wasserman and Koepfer 1977) . The latter hypothesis has not been tested experimentally in part because these species hybridize in the laboratory (Mettler 1957; Jennings and Etges 2010) but do not currently hybridize in nature (Etges et al. 1999; Counterman and Noor 2006; Machado et al. 2007 ), so reinforcement is unlikely to be involved. (Lohse et al., unpublished data) . Why these genomic differences were not detected in earlier studies (Counterman and Noor 2006; Machado et al. 2007 ) maybe due to a lack of power due to smaller numbers of loci studied or the choice of divergence with gene flow models that were used (Lohse, personal communication).
Observations that premating isolation between Baja California and mainland populations is significantly influenced by rearing substrates (Brazner 1983; Etges 1992) suggested the preadult rearing environments determined the strength of assortative mating between populations, and hence is critical to understanding divergence and reproductive isolation. Rearing D. mojavensis on laboratory media significantly increases the strength of sexual isolation causing decreased mating propensity of Baja California males and a dearth of matings between mainland females and Baja males in multiple-choice tests. Cactus-reared flies exhibit lower levels of sexual isolation, with agria-reared flies typically showing little or no premating isolation and organ pipe-reared flies showing low, but significant levels of behavioral isolation (Brazner and Etges 1993) . Further, sexual isolation between D. mojavensis and D. arizonae increased when flies were reared on cactus versus those reared on laboratory food and when exposed to fermenting host plant tissue during mating trials (Jennings and Etges 2010) . Thus, for these sibling species as well as allopatric, ecologically diverged populations of D. mojavensis, understanding the earliest stages of reproductive isolation requires knowledge of the consequences of host plant use.
As in many drosophilids, courtship decisions result from a progressive, multistage interaction between males and females involving visual, auditory, and tactile cues (Greenspan and Ferveur 2000) . In D. mojavensis, courtship success is determined mainly by female choice (Havens et al. 2011 ) based on variation in male courtship songs (Byrne 1999; Etges et al. 2006 ) and cuticular hydrocarbons (Markow and Toolson 1990; Etges and Ahrens 2001) . Selection gradient analysis revealed that variation in multiple components of courtship songs, that is, long interpulse interval (L-IPI), burst duration, interburst interval (IBI), and number of bursts produced all influenced male courtship success with mainland females, but rearing substrates had no additional effects on any component of courtship song on mating success (see Table 1 in Etges et al. 2007 ). Mainland females preferred copulating with males that produce songs with shorter L-IPIs, shorter burst durations, and shorter IBIs. However, courtship success was significantly higher in males reared on organ pipe cactus, was influenced by a single detected QTL very near the desat-2 locus, and 4 G × E interactions (Etges et al. 2007 ). In a common garden experiment with 5 mainland populations and 6 Baja populations reared on agria and organ pipe cactus, few cuticular hydrocarbons (CHCs) showed effects of rearing substrate effects, but differences due to sex and region were strongly significant including a number of sex × region interactions for CHCs associated with mating success. These results suggested that male courtship songs and contact pheromones are part of Baja California versus mainland mate recognition systems in D. mojavensis (Etges and Ahrens 2001) .
Allopatry and reduced gene flow between diverging populations should allow for rapid, evolution of local mate recognition, that is, sexual selection, postmating-prezygotic mechanisms, and drivers of sexual conflict (Williams 1966) . As gene flow between Baja California, mainland Mexico, and southern California populations is insignificant or too low to be detected (Smith et al. 2012) , genomic divergence should be unconstrained by possible effects of immigrant alleles that are poorly adapted locally (Nosil et al. 2005) . So, genomic regions containing loci associated with ecological adaptation are not expected to be closely linked with genes inflecting reproductive isolation or be located within inversions protecting them from recombination Nosil et al. 2012) . Thus, divergence genetics of premating isolation should reveal how the initial stages of speciation evolve in allopatric populations of D. mojavensis.
Both male courtship songs and CHCs are polygenic traits (Gleason et al. 2002 (Gleason et al. , 2005 Howard and Blomquist 2005) , so an understanding of their genetic architectures, as well as the genetic basis of life-history variation, is necessary to begin to understand the forces that have shaped their variation (Shaw and Parsons 2002) . In a test of the ecological speciation hypothesis, a genetic correlation was observed between variation in egg to adult development time and premating isolation (Etges 1998) , suggesting an alternate explanation for the evolution of premating isolation in D. mojavensis and that even in allopatry, regions of the genomes associated with ecological adaptation can overlap those associated with reproductive isolation (cf., Hawthorne and Via 2001) . We still do not know the nature of this association in D. mojavensis, that is, how many loci are involved or whether pleiotropy or linkage is responsible, but genetic evidence derives from 4 separate experimental observations. First, this genetic correlation was identified in a bidirectional artificial selection experiment on egg to adult development time in Baja California and mainland populations of D. mojavensis reared on agria and organ pipe cactus. Significant selection responses in development time with realized heritabilities of 8-11% were observed together with correlated responses in decreased premating isolation between populations (Etges 1998) . Second, in populations cultured in a common garden experiment to assess variation in CHCs across the species range (Etges and Ahrens 2001) , adults from mainland populations with longer development times had significantly more CHCs than adults that eclosed earlier (Figure 1 ). Third, F 2 males that eclosed on the first 2 days from cactus cultures and aged to sexual maturity had less CHCs than those eclosing later, although this was influenced by exposure/no exposure to females (Etges et al. 2009 ). Four, QTL influenced both CHCs and development time from the same large-scale genetic analysis of cactus-reared F 2 males. QTL genotype scores for development time and CHC variation known to influence mating Figure 1 . Replicate CHC samples from adults pooled by sex and rearing substrates of mainland populations from Punta Onah and Rancho Diamante, Sonora. All adults in each replicate culture that emerged on the first 2 days were labeled "fast" and the remaining flies labeled "slow." Amounts of 11 CHC components were significantly greater in the "slow" groups (n = 24) than in the "fast" groups (n = 22) using paired t-tests (all P ≤ 0.02). Total hydrocarbons per fly were also greater in the "slow" groups than in the "fast" groups (3075.5 vs. 2632.3 ng/fly, t = 2.38, P < 0.022). CHC components are labeled by equivalent carbon chain lengths defined in Etges and Ahrens (2001). success between Baja and mainland D. mojavensis were positively correlated, r = 0.59, P = 0.02 . Two of these QTL, marked by microsatellite loci Dmoj2010 and Dmoj2_6540c, are located on the second chromosome with the latter very near fruitless, a gene with known effects on mating behavior (Ryner et al. 1996; Greenspan and Ferveur 2000) . Dmoj2010 is downstream from crossveinless c that functions in lipid binding and multiple developmental processes. The other 2 are on different chromosomes, Dmoj3030 that is very close to GI10093: its Drosophila melanogaster ortholog encodes a type of immunoglobulin, and Dmoj4300 is near GI13245, an unannotated protein coding gene. Further fine scale mapping of these QTL regions, given the mostly annotated genome of D. mojavensis (Tweedie et al. 2009 ), is of high priority to assess the causes for this genetic correlation between development time, premating isolation, and CHCs.
Host Plant Effects on Gene Expression
A clearer genetic understanding of genetic and environmental influences on phenotypic variation is now possible using whole genome expression patterns at either the transcriptome or proteome levels (Gibson 2008; Pavey et al. 2012; Wray 2013 ). Here, we tested the hypothesis that host cacti cause differences in expression of genes known to be involved with courtship success as suggested by the previous observations of differences in premating isolation and sexual selection caused by rearing populations of D. mojavensis on agria or organ pipe cactus. We investigated the effects of different host plants on patterns of whole transcriptome expression to directly identify genes involved with courtship success, songs, and CHCs. These approaches offer the exciting opportunity to answer the ultimate questions in evolutionary genetics concerning the differential expression of genes and genomic elements responsible for divergence in speciation phenotypes. In nonmodel systems, expressed sequence tags can be used (Frentiu et al. 2009; Schwarz et al. 2009 ), but identification of genetic elements of known function, that is, annotated genes, is critical to inferences about genetic architecture allowing understanding of the consequences of ecological divergence on reproductive isolation. Microarray technology (Quackenbush 2001) and RNAseq methods (Oshlack et al. 2010 ) both have advantages/disadvantages, but functional genomic inferences from both techniques are limited by the extent of genome annotation for most organisms. Microarray design allows for highly controlled hybridization with each oligonucleotide on a predesigned array and does not require population samples to be inbred. RNAseq is not limited to coding regions and can identify patterns of alternate exon splicing (Malone and Oliver 2011) , but is sensitive to any residual sample heterozygosity, that is, inbreeding is required.
Host plant effects on expression of life-history variation in D. mojavensis (Etges 1990; Etges et al. 2010) , premating isolation between Baja California and mainland populations (Etges 1992; Brazner and Etges 1993) , male mating success mediated by courtship songs (Etges et al. 2007) , and QTL analysis of CHCs (Etges et al. 2009 ) all suggest that revealing host plant mediated differences in gene expression should help to identify how rearing substrates have such large effects on life-history traits and courtship behavior. Here, data from 2 experiments demonstrate the efficacy of this approach for 1) adult virgin females exposed to fermenting cactus throughout adulthood (Etges et al., submitted) , and 2) cactus-reared males that were either successful or unsuccessful in copulating with females in mating choice trials (for details, see Smith et al. 2013) .
For the first experiment, we used gene predictions from the D. mojavensis reference genome (Drosophila-12-Genomes-Consortium 2007) to design a 12-plex microarray from Roche-Nimblegen containing 14 528 unique oligomers corresponding to different genes. We designed replicated laboratory experiments to investigate effects of cactus-rearing and population differentiation on life cycle stage/age differences in gene expression in order to identify candidate genes that were differentially expressed over the life cycle. Array design, hybridization protocols, and data analysis are described in Rajpurohit et al. (2013) (Etges et al., submitted) .
A mainland D. mojavensis population from Las Bocas, Sonora, and a Baja California population from Punta Prieta were cultured on both fermenting agria and organ pipe cactus from eggs to 28-day old adults such that flies were never exposed to lab food. All preadult life stages and adults of different ages adults were sampled for analysis of gene expression using whole genome microarrays. Groups of 30 adult flies that had been reared on fermenting agria or organ pipe cactus (Etges 1992) were transferred to 25 × 95 mm glass tubes on the day of eclosion. The ends of each tube were plugged with fine mesh to allow air circulation at one end and a feeding cup containing either fermenting agria or organ pipe cactus at the other. Every day, the tubes were placed in sealed desiccators containing 1 L of 4% ethanol from 8:00 AM to 6:00 PM allowing adults to feed on ethanol vapor. For the remaining 14 h each day, all tubes were removed from each desiccator and kept in the incubator set to a 14:10 LD photoperiod and 27:17 °C to minimize condensation inside the tubes. Every 4 days, the food cups were replaced.
At 0, 3, 6, 10, 14, 18, 24, and 28 days of age, groups of 24 adult females were snap frozen in liquid nitrogen resulting in an experimental design of 2 populations × 2 host cacti × 7 ages (24-and 28-day old flies were pooled due to small numbers of surviving 28-day adults) × 4 replicates for RNA processing and microarray hybridization. General experimental details, bioinformatic approaches, and statistical approaches are detailed in Rajpurohit et al. (2013) . In short, we assessed age-specific differences in gene expression using false discovery rate corrected paired t-tests (Benjamini and Hochberg 1995) that had absolute fold changes >1.5. Using the 9114 orthologs from D. melanogaster, we performed gene ontology analysis with DAVID Bioinformatics Resources 6.7 (Huang et al. 2009 ) in order to identify functionally related genes that changed with age. For the present analysis focusing on cactus effects, we pooled the data across adult ages and performed a mixed model Anova in SAS (SAS-Institute 2004) with population, cactus, and population × cactus effects on gene expression (Table 2, Supplementary Table 1) . We limited our analyses to adult females due to the large number of whole genome hybridizations (n = 86, some replicates were missing).
Organ pipe-reared adults showed significantly increased expression of genes that were enriched for neurotransmitter binding, circadian rhythm, and courtship and mating behavioral functions, but no genes were expressed at significantly greater levels due to agria than organ pipe cactus (AG > OP) for females from these 2 populations (Tables 2 and 3 ). Thus, organ pipe cactus increased expression of a small group of gated ion channel genes associated with neurotransmission, circadian rhythm, and courtship behavior genes in female D. mojavensis. One odorant binding gene, Obp56h, was also upregulated due to organ pipe cactus, showed significant increases in transcription starting in the first larval instar (Etges et al., submitted) , is expressed in antennae of both sexes, the pharyngeal organs, and possibly functions in both olfactory and gustatory systems (Galindo and Smith 2001) , but ligands that it interacts with remain unknown. Given that organ pipe-reared females, particularly those from mainland populations, express increased discrimination among males during courtship (Etges 1992; Brazner and Etges 1993) , and organ pipe-reared F 2 males had higher mating success than those reared on agria cactus and exhibited G × E interactions for CHCs (Etges et al. 2009 ), these groups of genes (Table 3) are good candidates for further analysis of why organ pipe cactus increases premating isolation between Baja and mainland populations of D. mojavensis.
These results also indicated that mainland, Las Bocas females showed significant enrichment for fatty acid metabolism genes, as well as genes with iron binding functions, such as P450 genes associated with detoxification of xenobiotics, secondary compounds in these cacti including fatty acids, sterol diols, and high levels of triterpene glycosides (Fogleman et al. 1998) . Of the 251 genes showing higher expression in Punta Prieta versus Las Bocas females, 146 (58.2 %) were annotated and showed significant enrichment for transcription/RNA synthesis indicating these Baja females had higher overall rates of gene expression than mainland females when reared on fermenting cactus and ethanol vapor (Table 2) . For transcript abundance showing significant cactus × population interactions, the 302/514 annotated orthologs were significantly enriched for iron binding/P450 function and fatty acid synthesis similar to the LB > PP population level differences (Table 2) . Overall, the patterns of differential gene expression in these populations of D. mojavensis revealed that differences in cactus rearing substrates had significant effects Table 2 Significant overall adult gene expression differences (FDR <0.01 and >1.5-fold difference) due to population, cactus, and population × cactus interaction False Discovery rate P values, *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001.
on nervous system and courtship behavior genes and that these populations responded differently to these host plants in transcription of genes involved with xenobiotic metabolism and fatty acid synthesis. In the second study, Smith et al. (2013) used SOLiD 4 transcriptome sequencing to assess agria and organ pipe cactus-reared males allowed to court and/or mate with organ pipe-reared females in multiple-choice tests. All flies were derived from a population collected in Organ Pipe National Monument, Arizona. Differences due to cactus-rearing substrates, male mating success and mating success × cactus interactions were assessed for both differentially expressed transcripts and those showing alternative splicing. However, these males were cultured on fermenting cactus, but reared on lab food as adults until the mating trials began as in previous studies (Etges 1992) . Just 19 orthologs showed differences in expression levels due to mating success, and only 11 of these were annotated (Tables 4 and 5 ). In males that achieved copulation, Dmoj\GI18531, an ortholog of CG16894 in D. melanogaster, was upregulated that is associated with ubiquitin-conjugating enzyme activity in testis. Another protein-binding gene, an ortholog of Traf4, was upregulated, as were grg (no known function), esg associated with olfactory behavior regulation of transcription though zinc finger DNA binding domains, and CG1887 associated with defense response. Accessory protein gene Acp32CD was upregulated in unmated males; its function is associated with decreasing female receptivity suggesting male D. mojavensis decrease transcription of Acp32CD after mating.
For rearing substrate differences, I reanalyzed the data in Smith et al. (2013) by separating the gene lists for differential expression to assess relative up/down transcript abundance (Tables 4 and 5) as they grouped these genes for functional annotation. As with cactus-reared females described above, far more genes showed significantly greater transcript abundance in organ pipe-reared males versus agria-reared males, OP > AG, n = 97, than AG > OP, n = 14. Although Smith et al. (2013) reported 4 genes enriched for chemosensory and olfactory function, this functional group was not recovered when the up/down lists were separated (Tables 4 and 5 ). Only 44% of these genes are annotated and showed weak functional clustering for nucleotide binding and signal transduction. Agria cactus caused increased transcript abundance for 14 genes, 11 of which were annotated, with most involved in defense and immune response (Smith et al. 2013) . A larger number of differentially expressed genes exhibited cactus × mating success interactions, n = 147, that were weakly enriched for protein manufacture including mitochondrial function and assembly, as well as ribonuclear binding.
Transcriptome sequencing made possible analysis of differences in alternate exon splicing (AE) influenced by mating success and cactus rearing (Table 5 ). An unexpectedly large number of genes with AE differences were observed caused by rearing substrates (n = 64) and the interaction between cactus and mating success (n = 48) that were functionally enriched for membrane ion channel, metal ion binding, and nucleotide binding. Gene annotations revealed multiple cases Table 3 Orthologous Drosophila melanogaster genes that were significantly overexpressed in adult Drosophila mojavensis reared on organ pipe versus agria cactus that comprised the 2 significant enriched GO clusters from .
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of cactus-caused AE for ion membrane channel function associated with memory and courtship song (Table 6) , including slowpoke, known to influence pulse rate in D. melanogaster courtship songs (Peixoto and Hall 1998) due to its role in calcium-activated potassium channel activity. While none of these cactus-influenced AE genes overlapped with those that were differentially regulated in females (Table 3) , there were a few like nAcRα-34E and nAcRalpha-80B, both with acetylcholine-gated receptor function, and Nmdar1 and GluClα, both with glutamate receptor activity and gated chloride channel activity, that exhibited functional overlap associated with neurotransmitter binding/receptor activity. Thus, differences in gene expression due to cactus-rearing substrates influenced males and females in somewhat similar ways involving neural function and gated ion channel activity including variation in expression of calcium-activated potassium channels controlled by the slowpoke protein thought to alter flight muscle excitability and several courtship song components (Greenspan and Ferveur 2000) . In D. mojavensis, a handful of QTL and QTL × cactus interactions influenced courtship song variation. The second chromosome region containing slowpoke, linked to microsatellite locus Dmoj2_2868a, was associated with variation in male time to copulation; P = 0.01, components of courtship song variation including interburst interval, IBI; P = 0.003, and number of bursts; P = 0.009 (Etges et al. 2007 ). IBI and number of bursts were also influenced by Dmoj2_2868a × cactus interactions (P = 0.036, and 0.039 respectively). Thus, in cactusreared D. mojavensis, male courtship song differences expressed in a cactus-specific manner were associated with both genetic differences between mainland and Baja populations and were localized around slowpoke, as well as cactus influenced differences in patterns of alternate messenger RNA splicing involving slowpoke and other genes. Without the environmental context of host cactus differences, it would not be possible to both investigate why cactus-specific sets of genes are differentially expressed in males and females, and certainly be more difficult to begin isolating candidate genes like slowpoke in order to investigate how alternate splicing patterns caused by different host plants may contribute to differences in courtship success and premating isolation between populations.
Prospects for Speciation Genetics
A major goal in most speciation research programs is to isolate the genetic factors responsible for reproductive isolation. In systems where ecological divergence can be shown to be associated with adaptations that have caused reproductive isolation thought to be driving speciation, an ultimate goal is to identify and understand the particular sets of interacting genes and their patterns of expression that have evolved in response to differences in both sexual and ambient environmental conditions. Whole-genome transcriptomic analysis is a first step in understanding the nature of genome-organism-environment interactions for speciation phenotypes, but much more work will be necessary to understand the subtle connections between gene expression and phenotypic variation. At the very least, we have isolated groups of differentially and alternately expressed candidate genes that are sensitive to rearing on alternate host plants. As these host plant effects are known to directly influence the degree of premating isolation mediated by CHCs and courtship songs, this approach has brought us closer to identifying functional groups of genes responsible for reproductive isolation. Given the long-term interest in D. mojavensis as a model species for understanding interactions between its patterns of host plant use (Fellows and Heed 1972) , patterns of premating isolation (Zouros and d'Entremont 1974; Wasserman and Koepfer 1977) , phylogeography (Heed 1978) , history (Ruiz et al. 1990 ), use of cactophilic yeasts and bacteria (Starmer et al. 1976; Young et al. 1981; Fogleman and Foster 1989) , adaptation to host plants (Etges 1990) , and systematic relationships (Durando et al. 2000; Oliveira et al. 2012) , these efforts in understanding genome evolution and expression in different environments will reveal the genetic basis for adaptation and reproductive isolation, and how they are connected. Both regulatory and structural genetic elements are expected to be involved, so faster progress will be made when fully sequenced and assembled genomes are made available that have been functionally annotated. Although the logic of gene ontology relies on critical assumptions about structure and function that may not always hold as structurally similar genes may evolve new functions in other species, it remains a major tool in functional genomics.
Because functional gene clusters have been identified that influence expression of traits responsible for reproductive isolation in the context of the environments in which they are expressed, we expect further progress will be made by isolating downstream expression differences, proteomics, and then assembling protein networks in the context the of biochemical pathways and tissue-specific patterns of expression. As most of the phenotypes of interest are expected to be polygenic, a gene network approach will be required as classical genetic tools in nonmodel species such as gene knockouts are not yet available. Identification of candidate genes with known physiological functions can, however, speed genetic analysis to reveal examples of simpler genotype-phenotype relationships with potential relevance to ecological divergence and reproductive isolation (e.g., Chung et al. 2014) .
Perhaps the greatest impediment to revealing underlying mechanisms in speciation genetics in almost all organisms is the lack of fully annotated genomes. A major challenge to complete the detailing of the interactions between genomes and the environments in which they are expressed is to understand the functional interaction of all genetic elements that contribute to reproductive isolation. Without documented gene functions in the organisms in which they are expressed, this goal will remain elusive.
Supplementary Material
Supplementary material can be found at http://www.jhered. oxfordjournals.org/.
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